Biomolecular interactions over the surface of a microcantilever can produce its bending motion via changes of the surface stress, which is referred to nanomechanical response. Here, we have studied the interaction forces responsible for the bending motion during the formation of a self-assembled monolayer of thiolated 27-mer single-stranded DNA on the gold-coated side of a microcantilever and during the subsequent hybridization with the complementary nucleic acid. The immobilization of the single-stranded DNA probe gives a mean surface stress of 25 mN/m and a mean bending of 23 nm for microcantilevers with a length and thickness of about 200 µm and 0.8 µm, respectively. The hybridization with the complementary sequence could not be inferred from the nanomechanical response. The nanomechanical response was compared with data from well-established techniques such as surface plasmon resonance and radiolabeling, to determine the surface coverage and study the intermolecular forces between neighboring DNA molecules anchored to the microcantilever surface. From both techniques, an immobilization surface density of 3 × 10 12 molecules/cm 2 and a hybridization efficiency of 40% were determined. More importantly, label-free hybridization was clearly detected in the same conditions with a conventional sensor based on surface plasmon resonance. The results imply that the nanomechanical signal during the immobilization process arises mainly from the covalent attachment to the gold surface, and the interchain interactions between neighboring DNA molecules are weak, producing an undetectable surface stress. We conclude that detection of nucleic acid hybridization with nanomechanical sensors requires reference cantilevers to remove nonspecific signals, more sensitive microcantilever geometries, and immobilization chemistries specially addressed to enhance the surface stress variations.
Introduction
Microcantilever-based sensors have recently emerged as a promising alternative for the detection of biomolecular interactions. Molecular recognition induces changes in the mechanical properties of the cantilever beam, which are detected via variations of the deflection or vibration. Due to the induced nanometer-scale motion of the beam during molecular recognition, the microcantilever response is usually called nanomechanical response. A variety of biomolecular interactions have been detected with this technology including bacteria, proteins, pesticides, and DNA. [1] [2] [3] [4] [5] [6] [7] [8] [9] The potential of this new kind of sensor relies on the combination of direct detection without the need for labeling with fluorescent molecules, tiny sensor area of the order of 1000 µm 2 , and scalability by microfabrication of cantilever arrays using standard semiconductor technology. Nanomechanical biosensors are commonly based on the beam bending method, which measures differences in the surface stress between the opposite sides of a microcantilever that are different in composition. One side of the cantilever is sensitized with the biomolecular receptor of the target molecules; hence target/receptor molecular recognition on the cantilever surface produces a differential surface stress between the opposite sides of the lever. This is energetically balanced via unequal changes of area of both surfaces that result in a cantilever bending. The relationship between the cantilever bending and the change of surface stress was discovered by G. Stoney more than one century ago, 10 and it is given by where R is the curvature radius of the cantilever, L and T are the cantilever length and thickness, E and ν are the Young's modulus and Poisson coefficient of the cantilever material, and ∆σ t and ∆σ b are the change of surface stress of the top and bottom surfaces of the cantilever, respectively. In particular, several authors have recently reported the label-free detection of DNA hybridization with high sensitivity. [5] [6] [7] [8] [9] The potential of microcantilever sen- 
sors for label-free detection of femtomolar amounts of biomolecules can revolutionize current techniques employed in functional genomics that require time-consuming sample labeling with fluorescent molecules and large amounts of RNA or DNA sample. However, the reported works show discrepancy between their results, and the origin of the nanomechanical response during molecular recognition has not been elucidated yet. In all these works, the cantilever is sensitized with single-stranded (ss) DNA probes that have been derivatized with a thiol linker for covalent attachment on the gold-coated side of the cantilever. Hybridization with complementary DNA produced a measurable deflection of the cantilever whose magnitude and sign have varied in different reports. 5, 6, 8, 9 Authors have reported compressive stress during DNA hybridization, which is interpreted as the increase of steric forces between neighboring DNA chains during hybridization. Other authors have observed compressive and tensile surface stress depending on the buffer ionic strength. 6 This response is explained as a result of the interplay between electrostatic and conformational entropy forces. Moreover, only few works use reference cantilevers to disregard artifacts due to nonspecific adsorption, slight variations of buffer conditions (pH and ionic strength), and local temperature changes. 5, 8, 11 In the present work, we study the origin of the nanomechanical response during hybridization for microcantilevers that have been sensitized with thiolated DNA probes as in the previous reports. In contrast to previously reported works, we have found that the duplex formation gives a small cantilever bending that is similar to that obtained with noncomplementary ssDNA. This indicates that hybridization-driven surface stress is below the detection limit of sensor devices working with a single microcantilever with length smaller than 200 µm and thickness above 800 nm. To determine the forces that contribute to the cantilever bending, the nanomechanical signal during the attachment of the ssDNA probes to the gold-coated side of the microcantilever was measured and compared to the hybridization signals. In addition, both cantilever responses due to the ssDNA probe immobilization and subsequent hybridization were characterized with well-established techniques such as surface plasmon resonance, 12-14 fluorescence, 15 and radiolabeling. 
Materials and Method
2.1. Materials. Commercially available silicon nitride cantilevers from Olympus were used, which are 200 µm long, 40 µm wide, and 0.8 µm thick. The nominal spring constant is 0.10 N/m. Prior to the experiments, the original reflective gold coating of the cantilever was removed by immersion in a mixture of hydrochloric acid and nitric acid (3:1), and this cantilever side was coated with 5 nm of chromium and 20 nm of gold using thermal evaporation. The chromium layer was used to improve the adhesion between the gold and the silicon nitride. The use of freshly evaporated gold resulted in a more reproducible and a more packed monolayer of thiolated DNA. This is due to the oxidation and contamination of the gold surface with the time. Also, the gold-coated microcantilevers were immersed in piranha solution (70% H 2SO4 and 30% H2O2) to clean the surface before each experiment.
DNA probes were 27 nucleotides in length and were synthesized with a thiol linker group, SH-(CH2)6, at the 5′ end with a nucleotide sequence given by 5′-TTT TTT TTT TTT TTT AAC GAC GGC CAG-3′. The 15-T tail is employed as a vertical spacer chain to increase the accessibility to the complementary 12-mer DNA target, 5′-CTG GCC GTC GTT-3′. Control experiments were performed with DNA with a noncomplementary sequence, 5′-AAC GAC GGC CAG-3′. The oligonucleotides were commercially purchased from Integrated DNA Technologies. The immobilization and hybridization buffers were prepared with 50 mM phosphate buffered (PB) solution, pH 7.0, and 0.5 and 1 M NaCl, respectively.
In some experiments, the cantilever sensitized with the thiolated DNA probes was treated with 6-mercapto-1-hexanol (MCH) to improve accessibility of DNA probes to DNA targets and avoid DNA physisorption during hybridization. In this protocol developed by Herne and Tarlov, 17 a 1 mM solution of MCH in PB buffer with 0.5 M NaCl was injected into the liquid cell after oligonucleotide immobilization. MCH was purchased from Sigma Chemical Co.
2.2. Radiolabeling Measurements. Scintillation counting is used to quantify the surface coverage of 32 P-labeled oligonucleotides. The labeling is performed by using T4 polynucleotide kinase (New England Biolabs) and [γ-32 P]ATP (Amersham Biosciences), with the unincorporated label removed by filtering the kinase reaction through Microbio-spin P-30 Tris chromatography columns (Biorad). The label efficiency is about 10%. The radiolabeling measurements were performed in static and in flow conditions using gold-coated slides. In the static conditions, 1 µL of DNA solution is deposited over a gold-coated glass slide for 1 h before rinsing. In flow experiments, the conditions were similar to those employed in the cantilever sensor. The fluid cell was sealed with a gold-coated glass slide at the same flow rate as in microcantilever experiments. We found a similar DNA coverage in static and flow conditions.
Surface Plasmon Resonance Measurements.
The surface plasmon resonance (SPR) measurements were performed with a double-channel SPR sensor (Sensia Ltd.), based on the Kretschmann configuration to achieve the resonant condition by total internal reflection. 18, 19 The device uses a polarized 3 mW laser diode source at 670 nm, and it allows the simultaneously measurement in two fluid cells of 300 nL each, one of them being used as a reference signal. The sensing is based on variations of the refractive index of the medium adjacent to the metal sensor surface (gold in this case). Measurements are carried out at a fixed angle of incident light in order to monitor changes in the refractive index as variations in the reflected intensity.
2.4. Microcantilever Sensor. The cantilever deflection measurements were carried out with a home-built sensor, based on the well-known optical beam deflection method. A laser beam is focused on the free end of the cantilever, and the deflection of the reflected beam is measured by picking up the reflected light into a four-segmented photodetector. The deflection detection limit is about 0.1 nm. The photocurrents of the upper and lower segments are amplified and connected to an analog-to-digital data acquisition card (National Instruments) for deflection monitoring in real time. Acquisition software was programmed in Labview (National Instruments).
The experiments were carried out in a commercial fluid cell with an enclosed volume of about 50 µL (Digital Instruments, Veeco), with an inlet and an outlet for liquid flow. The top part of the fluid cell is made out of glass, and the bottom is closed with a coverslip using a rubber O-ring. The system is isolated from mechanical vibrations. The temperature could be fixed and kept constant by appropiate control of the electrical current of a Peltier cell placed in contact with the coverslip. Flow and injection of the sample are performed by using a peristaltic pump (Gilson). The flow rate in these experiments was 0.3 µL/s, approximately. Before each experiment, the cantilever is equilibrated under flow of the (11) buffer solution to decrease the drift effect over the measurements, until a baseline is obtained.
Results and Discussion
3.1. Immobilization. The nanomechanical response of a gold-coated cantilever was monitored in real time during the immobilization of the ssDNA probes. Figure  1 shows the comparison between the nanomechananical responses when the cantilever is exposed to the 27-mer DNA probe with and without modification with the thiol linker, SH-(CH 2 ) 6 -. Both DNA probes produce a downward cantilever deflection; however thiolated DNA gives a higher and faster bending. In fact, thiol-modified oligonucleotides spontaneously form self-assembled monolayers on gold surfaces through the covalent bond between the gold and the sulfur atom of the thiol linker. The time constant of the adsorption was determined by fitting both curves with the Langmuir adsorption isotherm model, for which θ ∝ 1 -exp(-κt), where θ is the coverage, t is the time, and κ is the reaction rate constant. 20 The fittings gave time constants of about 5 min (observed rate constant κ ) 0.2 min -1 ) and 1.6 min (κ ) 0.6 min -1 ) for the nonmodified and modified oligonucleotides, respectively. The downward bending implies compressive surface stress; that is, the gold-coated side expands with respect to the silicon nitride backside. Figure 2 shows an histogram of the surface stress produced by the immobilization of the thiol-modified ssDNA in PB buffer with 0.5 M NaCl. For the concentrations used in the statistic, 2-5 µM, a mean value of 25.6 mN/m was obtained. The histogram peak broadening is attributed to uncertainties of the mechanical properties of the cantilevers and of the gold surface. For instance, in the same fabrication process, the cantilevers exhibit small variations of the thickness and of the silicon nitride stoichiometry that produce deviations in the response to surface stress changes. On the other hand, variations in the roughness and oxidation of the gold surface can also produce different cantilever responses. Interestingly, similar bending results are obtained during the adsorption of the thiolated probes when the concentration of the NaCl of the PB buffer was varied from 0 to 1 M. In addition, no differences with the salt concentration were found in the DNA surface coverage by fluorescence microscopy using fluorescent-labeled oligonucleotide probes.
The cantilever deflection response is proportional to the surface stress difference between opposite sides of the cantilever. To decouple the contributions of the gold and silicon nitride surfaces of the cantilever, the radiolabeling technique was applied to estimate the surface coverage, and the contribution of the silicon nitride backside was determined by passivating the gold-coated surface with the hydroxyl-ended alkylthiol MCH. This molecule forms a dense self-assembled monolayer on the gold via covalent bonding between the gold and thiol group of the MCH. The opposite terminal hydroxyl group (-OH) exhibits negligible interaction with the DNA, inhibiting its physisorption. The response of the passivated cantilever to the nonmodified and thiol-modified DNA gave a negligible nanomechanical response (data not shown). The radiolabeling characterization showed a coverage signal of the P32-labeled thiolated DNA probe below the detection limit on the passivated gold surface, while the coverage of the silicon nitride backside was ∼10 11 molecules/cm 2 . Therefore, the silicon nitride surface does not significantly contribute to the nanomechanical response.
To estimate the density of the DNA grafted to the gold and understand the origin of the surface stress during the DNA adsorption on the cantilever, the radiolabeling technique was applied. Surprisingly, both DNA probes, nonmodified and thiol-modified DNA, attach to the gold with a similar surface density of about 2 × 10 12 and 3 × 10 12 molecules/cm 2 , respectively. Physisorption of the nonmodified ssDNA is related to multiple adsorptive sites between the amine groups of the nucleotide chain and the gold. This indicates that the nanomechanical response is not strictly governed by the number of adsorbed DNA molecules, and it critically depends on the nature of the interaction between the gold and the DNA. From these results, we deduce that the nucleotide chain interaction with the gold induces smaller surface stress than the covalent bond between the sulfur and the gold.
Because of the attractive interaction between the nucleotide chain and the gold, the most favorable structure for adsorbed thiolated DNA monolayer is the DNA strongly anchored at the surface by the thiol linker, with the nucleotide chain in contact with the surface. To enhance the accessibility of the DNA probes to the target, the surface was exposed to MCH after DNA immobilization. In this treatment developed by Herne and Tarlov, 17 the thiol group of MCH rapidly displaces the weaker adsorptive contacts between the nucleotide chain and gold, covalently attaching to the interstitial regions between ssDNA chains. The post-treatment ensures that the DNA probes are only attached to the gold surface through the terminal sulfur atom of the thiol linker as the DNA negligibly interacts with the hydroxyl end of MCH. It has been reported that MCH post-treatment produces an increase of the hybridization efficiency from less than 10% to 80% approximately.
17,21
The adsorption of MCH after thiolated DNA attachment was monitored in real time (Figure 1) . MCH adsorption produces a large compressive surface stress, giving a downward bending of about 30-35% of the cantilever deflection resulting from the thiolated DNA immobilization. Additionally, radiolabeling experiments were performed to characterize the MCH treatment (Figure 3) . The results indicate that the MCH molecules displace about 60% of the immobilized DNA, suggesting that only 40% of the immobilized chains are covalently attached to the gold surface.
3.2. Hybridization. Figure 4 shows four curves corresponding with the evolution of the cantilever deflection when a complementary and noncomplementary ssDNA is flowed over cantilevers sensitized with the thiolated DNA probe, with and without MCH post-treatment. The target employed is a 12-mer oligonucleotide complementary to the 12 bases of the DNA probe more separated from the thiol linker. The previous functionalization of the cantilever was performed under flow and monitored in real time as shown in the previous section, for checking the immobilization. For the cantilever without MCH treatment, the injection of both complementary and noncomplementary DNA produced a downward bending (compressive stress) of about 10% of the immobilizationinduced deflection. A reproducible difference in the bending due to the complementary and noncomplementary DNA was not observed. A lower cantilever bending for the complementary and noncomplementary ssDNA was found when the cantilever was treated with MCH to enhance the accessibility of the DNA probe and reduce the physisorption. The lower bending is related to the lower physisorption due to the MCH treatment. However, as it occurs with the cantilever without MCH treatment, no significant and reproducible difference was found between the cantilever response to the control and complementary DNA.
The hybridization on the cantilevers was checked ex situ by using fluorescence microscopy and labeling of the complementary and noncomplementary DNA target with the fluorescent dye Cy5. Significant fluorescence was observed on the gold-coated side of the cantilever with the complementary DNA, while the control signal was negligible. This is in contrast with the cantilever responses obtained here. Figure 5 shows the statistic of the cantilever bendings for more than 60 experiments where no significant difference was found between the cantilever responses due to the complementary and noncomplementary DNA ( Figure 5 ). The average cantilever bending is about 10% of that obtained during immobilization of the thiolated DNA probe.
To understand the nanomechanical response of the sensor during hybridization, SPR experiments were performed. SPR is a well-established optical technique that allows the measurement of the adsorption coverage on gold surfaces based on the refractive index of the adsorbates. The SPR signal can be directly compared to the nanomechanical signal as both sensors use a gold sensing surface and labeling is not required. However, while the SPR signal is proportional to the mass surface density, the relationship between the cantilever bending and the coverage is not straightforward, and it has not been elucidated yet. Figure 6 shows the SPR signal as a function of time during the immobilization and subsequent hybridization. A MCH treatment was applied, though similar results were obtained without MCH treatment. A significant and fast hybridization signal was obtained with the complementary DNA, while the noncomplementary DNA produced a negligible response. Moreover, the surface could be regenerated several times by dissociating the duplex with 0.2 M NaOH, preserving the hybridization efficiency. From the SPR signals, a hybridization yield of about 40% was determined.
3.3. Discussion. To understand the nanomechanical response, it is convenient to split the surface stress into two terms: one is due to the interaction between the DNA and the gold surface, and the other arises from the interactions between neighboring DNA molecules. The forces intervening in the second term of the surface stress can be split into (i) the reduction of conformational entropy of the DNA when it is anchored to the surface and neighboring molecules limit the thermal motion, (ii) the electrostatic double layer repulsion arising from the osmotic pressure between the counterions that surround the negatively charged DNA molecules, and (iii) the repulsive hydration forces resulting from the perturbation of the hydrogen network in water by the DNA molecules. 9, 22, 23 During the covalent attachment of the thiolated DNA probes to the gold-coated side, a partial electron transfer of the gold (donor) to the sulfur atom (acceptor) of the thiol linker is produced. The reduction of the electron density of the gold surface is alleviated by increasing the interatomic distance, resulting in a compressive surface stress. On the other hand, the three interaction forces mentioned above also contribute with a compressive surface stress as the interaction energy is relaxed by an expansion of the sensitized cantilever side. The importance of these repulsive interactions depends on the DNA grafting density.
From the radiolabeling and surface plasmon resonance data, an average distance between the surface-anchored thiolated DNA probes of about 6 nm is determined. This is in contrast with the interchain distance of the thiol linker without DNA that is about ∼0.5 nm. It seems that the large size of the DNA molecule compared to that of the thiol linker produces a drastic reduction of the surface density due to the steric hindrance. To determine the contribution of the conformational entropy forces, it is useful to compare the size of the DNA molecule free in solution with the average distance between neighboring DNA molecules on the gold surface. In solution, the DNA assumes the shape of a random coil, with a characteristic size given by the radius of gyration Rg, which represents the root-mean-square radius of the polymer coil in solution. Rg was estimated by Tinland et al. 24 as Rg ) (0.43NF/3) 1/2 nm, where N is the base number and F is the ssDNA . SPR real-time measurement of a hybridization experiment. The sequence followed in this experiment was first the immobilization of a thiol-modified 25-mer ssDNA, treatment with MCH, injection of a complementary 12-mer DNA, dehybridization with 0.2 M NaOH, injection of the noncomplementary 12-mer DNA, and finally injection again of the complementary DNA. Immobilization and MCH treatment were performed in PB buffer with 0.5 M NaCl, and hybridization experiments were performed in PB buffer with 1 M NaCl. The experiment was performed at 24°C. persistence length, which represents the distance along the chain backbone over which a strand of ssDNA will behave like a rigid rod. For the high salt concentration limit, F = 0.75 nm and the 27-mer ssDNA probe has a gyration diameter, 2Rg, of about 3.4 nm, which is significantly smaller than the interneighboring distance of 6 nm. This indicates that the thermal motion is hardly perturbed by the presence of neighbors, and the contribution of the conformational entropy force to the surface stress should be small. On the other hand, the Debye length in the immobilization buffer was λ -1 ) 0.43 nm; hence the contribution of the electrostatic force should be negligible, as it approximately decays with the exponential of the ratio between the distance and Debye length. In fact, we have not found an ionic-strength dependence of the cantilever response due to the DNA immobilization. Finally, hydration forces exponentially decay with a characteristic length of about 0.3, which is again much smaller than the average distance.
The same rationale used above can be applied to analyze the intermolecular forces that arise during hybridization. During hybridization, the DNA duplex chain adopts a stiffer rodlike structure due to the higher persistence length of 50-80 nm. Thus a diminution of the configurational entropy is expected that would result in a tensile surface stress.
6,9 However, this effect is small at the surface density of DNA probes achieved here. On the other hand, the formation of the double helix gives rise to an increase of the negative charges. However, the increase of the electrostatic repulsion forces should not produce a noticeable surface stress as the hybridization buffer has a Debye length of λ -1 ) 0.3 nm. Finally, as occurs in the immobilized single-stranded DNA, a significant contribution of the hydration force is not expected during hybridization.
We conclude that the main source of surface stress during the immobilization is the covalent bond between the surface gold atoms and the sulfur atoms of the thiol linker of the DNA probes, with a small contribution from the weak interactions between the nucleotide chain and the gold. In contrast, the only contribution to the surface stress during hybridization is the intermolecular forces between neighboring DNA molecules. However, for the interneighboring distance of about 6 nm obtained here, this contribution is very small, and the generated surface stress should be below the detection limit of the sensor used here. The optical beam deflection technique employed in the sensor has an accuracy of 0.1 nm. However, variations of the temperature ((0.1°C) and slight variations of the electrolyte concentration produce significant deflections of 2-5 nm due to the bimetallic effect. This could hide the surface stress generated during the DNA duplex formation that is about 1 mN/m based on reported experiments with arrays of microcantilevers. 5, 8 This should produce a deflection of about 1 nm in the cantilevers used here.
Therefore, the detection of nucleic acid hybridization with nanomechanical sensors needs reference cantilevers sensitized with noncomplementary DNA to decouple the molecular recognition signal from nonspecific signals. It is also interesting to notice that the detection of other kind of biomolecules is not so demanding. For instance, we have successfully applied nanomechanical sensors for detection of pesticides in the nanomolar range using antigen/antibody recognition and using the same sensor device.
3 This highlights the need for a major understanding of the mechanisms responsible for surface stress due to the biomolecular interactions. This knowledge is crucial for the development of immobilization procedures in which the geometry of the receptor molecules is addressed to generate high interaction forces between neighboring molecules during molecular recognition.
